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Abstract. Two-dimensional cell culture (2D) is the most used
technique in studies of mass production of proteins and vaccines;
however, this technique is quite limited, since cells lose their
phenotypic characteristics when cultured in monolayer. As an
alternative, three-dimensional cell culture (3D) allowed cells to be
cultured within an environment closer to their natural one, keeping
in that way, their physiologic characteristics. When grown in this
kind of system, cells form structures called multicellular spheroids,
which  present in  their cores: cellular heterogeneity,
microenvironment formation, and different expositions to several
factors, such as nutrients and oxygen. This technique has
revolutionized researches on drug development and its mechanism
of action, since the results obtained in 3D cell culture are more
realistic than the ones arisen from 2D cell culture. Recently, there
have been developed many 3D cell culture methodologies, however,
it misses technology to scale up the biomass growth, which is a great
challenge for bioprocess engineers (BE). Therefore, this review
aimed to show the technical reality of 3D cell culture and how such
professionals can apply their engineering and life science knowledge
to improve and develop new technologies that make the use of 3D
cell culture feasible and widely used by biotechnological industries.
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Introduction

Cell culture provide means to
maintain cell alive within controlled
laboratorial conditions. The use of this
technique led to a better understanding of
cells’ molecular mechanisms, resulting in
important scientific advances in the fields
of wvaccine production and tumor cell
biology (Luisi et al., 2004).

Over the past 15 years, the use of
mammalian cells has contributed to the
leverage of methods in diagnosis, therapy
and processes that improve the quality of
life (Moraes et al., 2007), as can be seen in
the industrial environment cell culture,
along with bioprocess engineers (BE)
knowledge, enables large scale production
of pharmaceuticals, vaccines, cosmetics, in
addition to in vitro cell tissue production,
which helps the regeneration of tissues and
organs (Carvalho, 2010; Barbosa et al.,
2015).

Mammalian cells cultured in flat
cell culture flasks or Petri dishes are in non-
natural living conditions and since the space
where they are grown is two-dimensional
they reproduce monolayer tissues, which
leads to losses of  phenotypical
characteristics due to reduction of
biochemical signals exchange, which are
necessary to express some genes, and the
absence of cytokines, adhesion molecules
and hormones involved in the cell-cell and
cell-ECM contacts (Dutta and Dutta, 2009;
Pampaloni et al., 2007).

Oppositely to 2D, 3D cell culture
does not show significant lack of those
molecules and therefore represents better in
vitro conditions, that has revolutionized the
comprehension of cell’s behavior (Elsdale
and Bard, 1972; Pampaloni et al., 2007),
this approach has the potential to enhance
the physiologic relevancy of bioassays and
enable the modeling of biosystems formed
by mammalian cells and the improvement
of drugs’ citotoxicicity and bioactivity
assays may reduce the amount of animal
testing carried out by pharmaceutical
industries and governmental institutions
(Ravi et al., 2015; Dhaliwal, 2012).
Nonetheless, this technique has still not
been implemented in industries due to lack

of technology suitable to large scale
production within feasible costs (Justice et
al., 2009).

Based on what was presented
above, one can conclude that a deeper
understanding about both cell culture and
its engineering aspects, as well as a
literature review on new technologies for
three-dimensional cell growth is necessary,
which is brought by this paper.

History of three-dimensional cell
culture

It took about 30 years to have
papers about 3D cell culture published after
the Alex Carrel’s discover. Such papers
were authored by Johannes Holtfreter, Aron
Arthur Moscona, and Joseph Leighton
(Amaral and Machado-Santelli, 2011).

Johannes Holtfreter was an icon of
the embryology field and his experiments
contributes to the three-dimensional cell
culture development as it demonstrated that
there was a certain affinity between tissues
of organisms, evincing the presence of
cellular  adherence. In  Holtfreter’s
experiments, embryonic leaflets were
separated, and those, which were put into
contact with some tissue, again had their
cells regrouped in their respective leaflets,
with certain degree of differentiation,
according to their embryonic origin. In
1944, Holtfreter created a method to
generate spherical cellular aggregates by
adding agar on the surface of Petri dishes,
avoiding the non adherence of cells to the
bottom of the plates. In 1947, he made
changes in the method, reducing the
interaction of cells with substrate even more
(Byrnes, 2009).

Joseph Leighton, 1921-1999,
highlighted the fact that monolayer cellular
growth was a far-fetched representation of
organisms, and with his pioneering studies
shed light into the field such as the
development of the sponge-matrix culture
system which used a fibrin clot reinforced
by cellulose sponge as substrate, what
allowed a better organization of tissue
structures once the cellulose sponge
prevented the breakdown of the fibrin clot
as the cells grew (Schaeffer, 1999).
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In 1954, Leighton pointed in his
paper that: a three-dimensional arrangement
enables cells to migrate towards any
direction; 3D system promotes the increase
of cellular surface; such system makes
possible the diffusion of nutrients, which
produces changes in cell’s morphology-
that may tagger processes related to tissual
differentiation; the diffusion present in the
inner of aggregates might grant the ability
of retain factors secreted by cells (reviewed
in Amaral, 2010).

On the other hand, Aron Arthur
Moscona analyzed how individual
embryonic cells organized themselves to
give origin to tissues and organs. In one of
his experiments in 1957, he realized that
when tissues of different organisms were
separated enzymatically, cells from distinct
organs did not mingle between them; cells
derived from poultry embryonic cartilage,
for example, could be joined to one another,
but they did not mingle with kidney cells;
he also discovered that membrane-surface
molecules of cells from a certain organism
can have affinity to molecules from another
organism (chimeras) and came up with the
idea of cell-cell recognition (reviewed in
Amaral and Machado-Santelli, 2011).

Corroborating studies about the
importance of 3D structure in cell culture,
Elsdale and Bard (1972) published a paper
about the importance of collagen-based
substrates on cells’ behavior during
cultivation in laboratory.

In a poetic quotation, a question
that has still been theme of discussion in
science was classically thrown:

Snatched from a life of obscurity and
installed in contemporary glass and
plastic palaces, cells are in danger of
becoming  Pygmalion’s  protégés
Housed in more traditional residences
constructed of water and collagen
instead of plastic or glass, do cells lead
primitive, less cultured lives? (Elsdale
and Bard, 1972).

Thereby, it was established the

importance of extracellular matrix and 3D
cellular in in vitro experiments.

Braz. J. Biol. Sci., 2016, v. 3, no. 6, p. 263-277.

Extracellular Matrix (ECM)

The ECM of a certain tissue is a
complex mixture of proteins, glycoproteins,
lipids, glycolipids and mucopolysac-
charides. It contains three important fibrous
proteins: collagen, elastin and fibronectin
disperse in a hydrated gel formed of
glycosaminoglycan chain networks. All
those molecules are secreted locally by cells
which are in contact with extracellular
matrix (Alves and Guimardes, 2010). These
proteins form a specific composition of
biochemical compounds and defined
geometric structures that stimulate cellular
responses, such as differentiation (Justice et
al., 2009). Table 1 summarizes some of the
ECM’s function.

ECM-based materials have been
used in tissue engineering and regenerative
medicine. It has been shown that these
materials, when properly prepared, can act
as inductive models in constructive
remodeling (Brown and Badylak, 2014).
The comprehension of ECM which
surrounds cells in vivo makes the
development of researches on 3D cell
culture possible (Justice et al., 2009).

Techniques utilized in 3D culture

This study reviews the main
techniques in  three-dimensional cell
culture, pointing out its advantages and
disadvantages. Currently, 3D cell cultures
can be obtained through the production of
spheroids, use of scaffolds and matrix
formation.

Spheroid formation

The procedures to form spheroids
are consisted of using cells that are induced
to formation of self-organized spherical
agglomerates that secrete their own ECM
(Vinci et al., 2012).

Hanging drop

In this technique, one little sample
of cellular suspension is pipetted into
special well plates that are put up side down
and the cell suspensions form suspended
drops, held in such way by superficial
tension. Cells accumulate on the edges of
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the drops and proliferate, resulting in
spheroids with consistent sizes and shapes
(Kelm et al., 2003).

The plate contains both a lid and a
bottom tray that are used to keep the
culture’s  sterility and reduce water
evaporation, respectively. Wells enable one
to manipulate media and spheroids. In
addition, the plate has water reservoirs in its
peripheries, which also reduces evaporation
(Breslin and O’Driscoll, 2013).

Spheroids can be analyzed through
colorimetric methods, fluorescence and
luminescence assays by using

Table 1. Extracellular matrix’s function.

spectrophotometers that analyze all wells.
Microscopic analysis of spheroids can be
done directly, using a transparent plate, lid
and bottom tray set, or by collecting
samples from cells suspension and
processing it  for  electrical and
spectrophotometric techniques. This
analysis can be carried out in automated
platforms, which also offer simplified
procedures to manipulate liquids, and is
compatible with High-Throughput
Screening (HTS) instrumentation (Tung et
al., 2011).

Function

Mechanism

To act as adhesive substrate.

o It forms trails to guide migratory cells.

o It uses gradient of concentration for haptotactic migration.

o Tissue formation.

To provide cells/tissue with structure.

e It provides organs in development phase with integrity

and elasticity.

e It contributes to the regulation of temporal space of
growth factor release.

To sequester and store growth factors.

e It organizes morphogenic gradient.

o It mediates the release of factors in the presence of forces,
mediated cells, and/or proteolysis.

ot

defines permissive and instructive mechanical

properties for cellular differentiation.

Sensors and transducers of mechanical
signals.

e It activates intracellular signaling through interactions
with cell surface receptors.

e It activates the cytoskeleton machinery and acts
synergically along with growth factors promoting cellular

growth.

Font: Adapted from Rozario and Desimone (2010).

In general, this method is the
simplest and most commonly used in 3D
cell culture. However, there are some
limitations, such as the uncontrollable
growth of spheroids’ size, what leads to
restrictions to oxygen and nutrients
diffusion, accumulation of toxic metabolites
in the inner part of the cell culture; that
could result in necrosis in that region
(Astashkina and Grainger, 2014). The
superficial tension that keeps spheroids
bonded to media’s surface can hold up to 50
pul of cell suspension and offer some

resistance to aspirating media without
disturbing the spheroids (Kurosawa, 2007).

Forced floating

Oppositely to hanging drop, this
method consists of forming cellular
aggregate suspension through
centrifugation. A non-adherent substrate,
such as Polyhydroxyethylmethacrylate
(PHEMA), or poly-Np-vinylbenzyl-D-
gluconamide, is added to the media and
generates a thin layer on the cell culture
dish’s surface. Cells are grown on such
substrate instead of adhering to the surface
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and then, when they are submitted to
stirring, they aggregate to one another,
giving origin to spheroids (Lin and Chang,
2008; Fennema et al., 2013).

The forced floating method is
relatively simple and able to generate the
same number of cells in each well, creating
morphologically-homogen spheroids. Such
homogeinity is affected by the type of cell,
target density, media composition and static
stirring (Breslin and O’Driscoll, 2013; Lin
and Chang, 2008).

Some desadvantages of this method
are the time and workforce spent to coat the
plates. As alternative, pre-coated plates,
available in the market, might be used,
however, an increase on the process’ total
cost should be taken into account (lvascu
and Kubbies, 2006).

Matrix generation

Another 3D cell culture technique
is the formation of gels and sponges that
uses purified molecules from ECM and
biopolymers to reproduce in vivo
conditions. Matrigel™, rich in extracellular
proteins, such as collagen and laminin, plus
to growth factors and enzymes, and
AlgiMatrix™, based on lyophilisated
alginate, which allow cells to penetrate into
the pores and secrete ECM endogenous
compounds providing cell culture with
adequate morphology and structure are
good examples of this (Justice et al., 2009).

Synthetic gels, such as polyethylene
glycol (PEG), which are modified to obtain
the  desired characteristics  through
combination of both natural and synthetic
materials, by incorporating several proteins
or other molecules into the matrix can also
be done (Li et al., 2012). Yet gels can be
combined with other methods, such as
spheroids culture, scaffolds and microchips
(Lowe et al., 2014).

Use of scaffolds

Cells cultured in pre-manufactured
scaffolds can migrate throughout its fibers
and adhere to these structures. The
interstitial space between fibers is filled by
cells generating three-dimensional cellular
structures (Breslin and O’Driscoll, 2013).
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Many  scaffolds have  been
developed by using a wide variety of
biomaterials  of  different  porosity,
permeability and mechanical behavior in
order to simulate the ECM’s unique
characteristics as much as possible (Lee et
al.,, 2008). Natural polymers are more
compatible with ECM; however, they do
not show mechanical resistance as good as
synthetic polymers do, on the other hand,
synthetic polymers are easily adaptable to
target porosity and have reproducible
mechanical and  physical properties
(Maltman and Przyborski, 2010; Dhaliwal,
2012).

Among the properties desired to
maintain phenotypical regulation in non-
natural ECM are i) capacity to retain water;
ii) porosity that enables cells to grow and
organize themselves into 3D structures; iii)
biodegradability, to create void spaces for
new cells; iv) connectivity between pores,
to allow free passage of oxygen and
nutrients flow towards cells’ surrounding
spaces (Dutta and Dutta, 2009).

Microcarriers

Microcarriers are 3D supports made
of synthetic (plastic, silicone) or natural
(collagen, cellulose, and dextran) materials,
which provide adherent cells with surface to
grow. They greatly increase surface of cell
growing per volume, especially when
macroporous  microcarriers are  used,
allowing cells to proliferate inside the
macropores (Kuystermans and Al-Rubeai,
2011), like in scaffolds.

The pores’ size plays a big role,
allowing both cell proliferation, cell
protection against shear forces and media
flow through pores, many cells, such as
CD34+, erythroid, iPS and stem cells, have
been cultured in this system and the results
have shown its advantage over 2D cell
culture (Kumar and Starly, 2015).

Nevertheless, if cells are the
process product, their removing from inside
the beads may be difficult, requiring
addition of phosphate and reduction of
Mn*, Ca®* and Mg*, or trypsin and
ethylenediaminetetraacetic acid, or
collagenase combined with salts, depending
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on the beads (Kuystermans and Al-Rubeai,
2011).

Bioreactors

Due to many applications of 3D cell
culture and the increasing adoption of
researchers to this system as more accurate
cellular models (Haycock, 2011), mass
production of cells in three-dimensional
environment is needed. In the obtainment of
“cell based regenerative medicine therapy”,
for example, the step that requires more
time and money to be concluded is the
manufacturing of high amounts cells, based
on 2D culture techniques currently
employed in this phase. To achieve high
cell concentration, optimal biochemical and
physical-chemical conditions of culture
should be controlled in a sterile
environment, which can be obtained
through bioreactor of adequate scale
(Kumar and Starly, 2015).

Bioreactors are vessels where
transformation of matter takes place,
catalyzed by living cells or enzymes,
usually under controlled conditions.
Traditionally, bioreactors are cylindrical
and agitated by impellers which are
responsible for breaking air bubbles and
homogenizing biomass, nutrients, products,
heat and air along the vessel. However, due
to the higher sensibility of mammalian cells
to shear, such conventional reactor has been
replaced by new bioreactor designs
developed for 3D mammalian cell culture.
Shear could prevent cells from forming
spheroids, for example (Williams, 2002).

For larger spheroid production,
methods similar to those based on rotatory
cultivation can be used; that is, spinner
flasks and rotational culture. The spheroids
formed in both methods are relatively
uniform when compared to stationary
cultures (Lin and Chang, 2008). Other
kinds of reactors are also available, as it is
presented below.

Stirred Tank Reactor (STR). STR
is one of the most common type of reactor
and can be operated either in batch, fed-
batch or continuous mode. It is usually
formed by a glass or stainless steel
cylindrical vessel (although single use

systems have been used lately for cGMP
industrial production) equipped with baffles
near the vessels’ walls to avoid formation
of vortices, impeller for homogenization,
gas sparger for introduction of gases, heat
exchanger to control the reactor’s
temperature, tubing system to inject
solutions and extract samples, and probes
for physical-(bio) chemical measurements
(Garcia-Ochoa et al., 2011; GE Healthcare
Life Science, 2016).

Some advantages of STR are its
availability in the market in several scales,
great knowledge about its function and ease
to model. Nonetheless, for 3D cell culture,
it is necessary to add microcarriers or
scaffolds into the reactor, so that cells can
adhere to three dimensional supports, and
use impellers that result in less shear (e.g.
marine and pitched blade impellers),
especially when spheroids are directly
poured into the reactor (Kumar and Starly,
2015).

Shear forces arise from impellers
because of eddies —areas of rotational flow,
usually  right behind the impeller,
characteristic of turbulent flow formation,
which are also responsible for increasing
dispersion of substances along the reactor,
and hence homogeneity. If microcarriers or
spheroids have diameter bigger than the
characteristic dimension of the smallest
eddies, the particle is bound to suffer
damages from shear. Eddies characteristic
dimension are reduced when tip speed and
impeller diameter are increased and
increased with rise of fluid’s viscosity; its
dimension varies from 30 to 100 um for
low viscosity media. Therefore, Rushton
turbine is the less indicated for mammalian
cell culture, since it is the most effective in
causing fluid turbulence (Doran, 1995).

Another great source of shear are
the bursting bubbles of air coming out of air
sparger; although the oxygen uptake rate in
mammalian cell culture is rather lower than
in microbial cultivation (Kuystermans and
Al-Rubeai, 2011), air flow rate should be
set as low, but high enough to result in
volumetric oxygen mass transfer constant
(kpa) higher than critical k a (K acrit), that
is, the volumetric oxygen mass transfer
constant at which cellular oxygen uptake
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rate becomes equal to the rate of oxygen
transfer from the gas to liquid phase
(Doran, 1995). In this case, sparger pores
should be very small to reduce the size of
bubble size and then, increase k| a.

Spinner flasks. Spinner flasks are
used at lab scale in low density cell culture
and when mixing and oxygen demand are
relatively low.

This method consists in a flask
containing a stirrer, which is responsible for
continuously ~ mixing  the  cellular
suspension. The spheroid yield is dependant
on flasks’ size; they usually host a volume
ten times bigger than systems used in
stationary culture, which leads to higher
biomass and biomolecules production in lab
scale. Its design enables the media to be
constantly altered, making the cultivation
last for longer. In addition, the continuous
movement present into the flasks is
fundamental to help on the transport of
nutrients throughout the cell culture media
(Hsiao et al., 2012; Breslin and O’Driscoll,
2013).

One disadvantage of this method is
the production of non-uniform spheroids.
To overcome this problem, spheroids can
be formed through forced floating and then,
transferred to spinner flasks, leading to
similarly sided spheroids and media where
nutrients and oxygen are easily controlled
throughout long periods (Breslin and
O’Diriscoll, 2013).

Rotational culture system. The
rotational vessel developed by NASA in
1992 was projected to create a low gravity
environment in order to apply a low shear
force on cells. The system comprises a
culture chamber that slowly rotates over a
horizontal axis containing a cylinder with
porous wall that delivers oxygen to media;
this constant movement prevents cells from
adhering to the chamber’s walls and the
rotational speed can be adjusted in order to
meet optimal conditions (Winkenwerder et
al., 2003).

Rotational culture system has been
proved to me more efficient when its
diameter is larger and its length is shorter,
as well as has been used in expansion of
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many cell types, such as human embryonic
palatal mesenchymal  pre-osteoblasts,
epidermal and umbilical cord blood
mononuclear cells. However, this system
presents problems with scale up, due to
volume limitation (Kumar and Starly,
2015).

Wave bioreactor. Wave bioreactor
was launched in the 1990’s (GE Healthcare
Life Science, 2016) and is composed by a
single-use bag placed on a support that is
continuously swayed. This movement is
responsible for mixing the culture media
(up to 50% of bag’s volume), guaranteeing
cell and nutrients homogeneity with very
low shear effects, which makes this reactor
an excellent choice for spheroids culture.
Gas exchange occurs through the contact of
cell culture media with the air injected into
the bag in the liquid-gas interface
(Kuystermans and Al-Rubeai, 2011).

This system has the advantages of
being single-use (time and cost reduction),
making its automation easy and offering the
possibility of being operated in batch, fed-
batch, continuous or perfusion mode
(Kuystermans and Al-Rubeai, 2011). On
the other hand, scale up of wave bioreactor
for more that 100 L is challenging and may
be carried out through increasing the
number of reactors, which demands more
space in manufacturing suits, due to
reactor’s geometry, in addition, for high
volumes and cell density, mass transfer may
be inefficient (Kumar and Starly, 2015).
Likewise in STR, microcarriers are
necessary for 3D cell culture of adherent
cells when spheroids are not directly
inoculated into the reactor.

Hollow fiber bioreactor (HFB).
HBF is a continuous reactor where the
transformation of matter takes place along
the direction where the flow containing
substrates passes through, creating a
gradient of concentration., very similar to
hollow fiber filters or shell-and-tube heat
exchangers, they contain porous hollow
fibers involved by a shell, which forms
intra (inside the fiber) and extra (outside
fiber)-capillary spaces. Cells can be
inoculated and cultured in the extra-
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capillary zone whilst media flows
throughout intra-capillary zone; this mode
mimics blood vessels and tissue, and hence,
both oxygen and nutrients must pass
through porous fiber walls and reach the
cells through diffusion (Kumar and Starly,
2015).

If on one hand hollow fiber
bioreactor mimics blood vessel leading to
very low shear stress and large surface of
contact for cellular growth (Martin et al.,
2005), on the other hand mass transfer may
limit cell expansion (Kumar and Starly,
2015), since the driving force of particles’
movement towards cells is only diffusion;
at high cell density, it is bound that oxygen
do not reach inner cells, causing necrosis..

Packed-bed bioreactor. Packed-
bed bioreactors are columns filled with
stationary phase (microcarriers, micro-
capsules, fibers, scaffolds) where cells are
immobilized. Fresh and oxygenated media
passes through packed bed, feeding cells
and flows out of reactor. Different
researchers have been successfully cultured
into this system (Sailon et al., 2009;
Goepfert et al., 2011; Kumar and Starly,
2015).

Packed-bed systems show
advantages on mass transfer when scaffolds
are used as fixed beds in comparison to
static culture, STR, spinner flasks and wave
bioreactors. In these last models, scaffolds
must be limited to about 4 mm thickness to
avoid necrosis in their cores, since transport
of nutrients to the inner part happens only
through natural convection and diffusion (in
macroporous matrixes); on the other hand,
in fixed bed reactors, nutrients and oxygen
are forced into the scaffold (Sailon et al.,
2009). Alike HBF, packed-bed bioreactors
have the cons of presenting gradient of
concentration and difficulties in biomass
analysis (Kumar and Starly, 2015). Other
challenge in engineering aspects of reactor
is pressure drop due to stationary phase.

Mechanical force systems.
Bioreactor in tissue engineering goes
beyond stirring cells. They are necessary in
order to obtain standardized seeding inside
the 3D matrix, provide cells with 3D

environment, control process parameters
and mechanically stimulate cells. Cardiac
and bone tissues have been stimulated by
shear cause by flow rate; blood and heart
valves have been cultured under differential
pressure, while skeletal muscle tissue has
been cultured under physical tension. These
stimuli are another condition necessary to
cells differentiation and proliferation
(Wendt, 2009).

The reactors that  provides
mechanical forces offers a big challenge to
professionals from the field, since they are
quite different from traditional bioreactors
and require special tools and equipment to
provide cells with the adequate physical
stimulus. In addition to that, the frequency
of such stimuli should also be properly
established in order to obtain the desired
cell differentiation.

The comparison among these bio-
reactors can be seen at the Table 2.

Application of 3D cell culture

Tissue engineering

Tissue engineering deals with the
development of alternative means for
implants, prosthesis and grafts, used in
regenerative medicine, aiming to regenerate
wounded tissue faster and better (Tavares,
2011). However, in order to achieve it, one
should pay attention on two variables at the
same time: cells and the materials used to
simulate ECM.

It is possible to grow cells
(autologous, isologous, allogeneic or
xenolog cells), and implant it in patients
through infusion; this application has the
limitation of immunological rejection, due
to the use of cells from different
individuals, besides the cells’ difficulty in
maintaining their characteristics in vitro,
even so, autologous implant presents
advantages over organ transplant, since a
small number of cells from the donator is
required (Santos Junior and Wada, 2007).

Regarding materials, new
technologies with capacity of interacting
with biological tissues have been developed
to serve as structure for in vitro cellular
growth, what helps cells organization and
development of the tissue, so to embed a
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certain material into human body,
requirements  must be  met:  be
biocompatible and functional, nontoxic,
easy to be sterilized and present satisfactory
mechanical properties, depending on the
application’s propose. The biomaterial
ought to ensure not only the tissue’s
regeneration, but also that there will not be
any side effect to human body, in long-term
period (Burg et al., 2000).

Pharmacological application

3D cell culture has the potential to
improve, in great extend, drug screening
and the identification of both toxic and

inefficient substances. In addition, it may
reduce the number of animal-based assays,
which considerably lessens either costs or
complexity of experiments (Pampaloni et
al., 2009; Elliott and Yuan, 2010).

Most tested drugs, as well as many
assays utilized to evaluate cytotoxicity, rely
on the diffusion of molecules inward and
outward the matrix. However, the transport
and diffusion of drugs might be affected by
some factors, such as potential interactions
between the drug and the matrix, matrix’s
low porosity and short period of contact
between cells and the drug (Astashkina and
Grainger, 2014).

Table 2. Advantages and disadvantages of different 3D cell culture techniques.

Technique Advantage

Disadvantage

Hanging drop Relatively simple.

Low cost.

Little variability on spheroids’ size.
Quick production of spheroids.

e Itis not suitable to large volumes.
e Uncontrollable expansion of
spheroids.

Forced floating Relatively simple.

Low cost.

cytotoxicity.

e Itis not a fast method.

Homogen and consistant spheroids.
Suitable for assays to monitor drug

Bioreactor e Applicable to large scale production. e Spheroids’ size is not uniform.
e Best distribution of nutrients through e It requires specific pieces of

media.

e Cells are cultured during

equipment.
long e Depending on the reactor type, the

periods. high shear force can affect spheroids’
physiology.
Scaffolds e Large variety of materials. o High cost if used in large scale.

¢ Intermediate cost.

e It is close to cells’

environment.

e It requires specific pieces of

natural equipment to be manufactured.

Matrix e Large variety of materials.
e It is close to cells’

environment.

e It allows cells superposing one

natural another.

¢ High cost of gels and reactants.

Font: Adapted from Breslin and O’Driscoll (2013).

Cancer treatments

Cancerous tissues are
heterogeneous and, particularly, contain
several subpopulations of neoplastic cells
that differ in functional properties, such as
growth rate, metastasis and sensibility to
drugs. Besides, isolated subpopulation
(obtained through monolayer culture) do
not reflect the complex nature of the
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environment where tumors are found, and
thus, chemical compounds’ performance
results obtained from experiments carried
out in these systems lead to erroneous
conclusions, mostly. That has been shown
by Mina Bissell” works (Dutta and Dutta,
2009).

She formulated the dynamic
reciprocity theory which states that ECM
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would send signals to cell’s nucleus,
resulting in changes (reshape) in the
chromatin and expression of genes, then,
the nucleus would send signals back,
reshaping the ECM (Dutta and Dutta,
2009).

This three-dimensional cellular
model of mammary gland was adapted to
create a protocol that differentiated normal
cells from malignant ones (Weaver et al.,
1997). Therefore, by using materials
adequate to 3D cell culture, one can
significantly improve the accuracy of
diagnosis in cancer treatment (Dutta and
Dutta, 2009).

Bioprocess engineers and its
possibilities

Engineering is a science that
applies knowledge and techniques to create
and improve products, taking into account
society, economy and environment.
Currently, engineering covers several fields
according to different types of technology
(CREA-RN, 2013).

Bioprocess Engineers is a branch of
engineering  whose  professional  has
expertise in the fields of chemistry, physics,
mathematics, computational methods and
biology, and is qualified to develop and
perfect biotechnological processes and
products. Bioprocess engineers use natural
or genetically modified organisms, as well
as their parts (enzymes, for example) to
manufacture, in industrial scale, products
that meet society’s needs (PPC -
Engenharia de Bioprocessos, UFSJ, 2010).

Some areas where such engineer
can work are: environment, clean
technology, additives for food industry,
bioenergy food and drinks, fertilizers,
microbial inoculums for agriculture and
industry, kits for diagnosis, biopolymers,
enzymes for chemical and pharmaceutical
industries, vaccines, antibiotics, bioactive
proteins and other biopharmaceuticals (PPC
- Engenharia de Bioprocessos, UFSJ,
2010).

Challenges for Bioprocess Engineers
in 3D culture cells

Bioprocess engineers are one of the
most qualified professionals to develop
technology and manage production in 3D
cell culture, since they can plan the
production process aware of cell behavior
according to changes on process variables.
It was shown that three-dimensional cell
culture has appeared to revolutionize
researches on cancer, tissue engineering and
drug screening and it is a promising
technique for biologicals in large scale.

In order to develop the above-cited
processes is necessary that both engineering
and life science knowledge be truly
integrated.

One example of that s
demonstrated by the worked carried out by
Chouinard et al. (2009). They developed a
whole bioreactor system (including data
acquisition,  bioreactor, pumps, gas
exchange unit and heat exchanger) for high
human umbilical vein endothelial cells
density. The system monitored and
controlled many parameters, such as pH,
flow rate, pulsation and temperature, in real
time and provided a good system to
produce cells in vitro and in large scale.

In tissue engineering, for example,
engineering knowledge must be employed
to develop scalable reactor that present
satisfactory mass and heat transfer in sterile
environment that overcomes the challenges
of restrict flow passage throughout porous
scaffolds; such reactors should also have
adequate data acquisition and probes to
monitor the process, and therefore
guarantee standardization, as well as quality
of productive process.

Another engineering aspect of
tissue production process would be the
fabrication of three-dimensional scaffold,
with biocompatible and biodegradable
material, which mimics human system;
although it has successfully been obtained
through 3D printing, scalability and cost of
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this techniqgue must be evaluated for
industrial tissue production. On top of that,
bioprocess engineers should have deep
understanding of target cell’s metabolism
and behavior to design both bioreactor and
scaffold, based on the final product to be
obtained.

According to what have been
discussed so far, one bottleneck to be
overcome is the scale up of mammalian cell
culture. Before starting the scaling process,
one should know adequate/optimum values
of some parameters that are critical to 3D
cell culture, such as stirring, aeration,
temperature, pH, volumetric mass transfer
coefficient, shear force, cell specific growth
rate, and others. Depending on the final
product, downstream step may also be a big
challenge and affect the choice of previous
unit operations. For example, whether cell
is the target product, cons and pros of
spheroid cultivation (in STR or wave
bioreactors, for example) versus support-
based cell culture (packed-bed, HBF)
should be carefully analyzed, since the
latter implies the wuse of conditions
(enzymes, chelating agent) that may reduce
cell viability. On the other hand, if the
products are mammalian cell biomolecules
excreted in the media, packed-bed and
hollow fiber reactors, and STR with
microcarriers ~ could  make  further
purification steps easier, since great part of
cells is retained in the solid surface.

Since these properties are identified
and determined, the system can be scaled
up, provided that such properties are kept in
the new scale. It is also important that
geometric similarity of bioreactors is
preserved from one scale to another in order
to obtain similar yields in large scale
(Schmidell et al., 2001).

To optimize these processes or even
predict cells responses to environmental
stimulus during cell culture, an important
tool well known by bioprocess engineers is
process modeling and simulation, which
saves time and reduces the number of
empirical attempts during optimization
process. Magrofuoco et al. (2012), for
example, modeled and simulated the
cellular response of cells to glucose into
porous scaffold by using mass transport
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phenomena equations and found that flow
rate affect cells responses. Computational
Fluid Dynamics is simulation tool that has
been widely used to predict best operational
conditions in  mammalian cell culture
bioreactors (Weyand et al., 2009)

This tool is very important in 3D
cell culture, especially in co-cultures, where
the modeling of the cells behavior could
predict if they would acquire a tissue
design, what would be very interesting.
However, this process is difficult due to the
systemic characteristic of cellular biology,
that can be seen as a group of
interdependent elements that interact with
one another with a common objective, and
where each element acts as a system itself
(Alvarez, 1990).

The science from the previous
century adopted classical mechanics as
model for scientific thinking, that is,
phenomena were interpreted as close
mechanism and system. Nowadays, science
uses a living organism as model, that is,
phenomena are studied as open and
dynamic systems which offer higher degree
of complexity to the modeling process.

In addition, designing pieces of
equipment specific for 3D cell culture and
automate them, as HTS Technology does, is
one of the abilities of bioprocess engineers.

Conclusion

According to Cohen (2004),
“mathematics is the next microscope of
biology, but better; biology is the next
physics of mathematics, but better”.
Biology provides new problems that
stimulate mathematics to reinvent itself to
solve those problems. The Bioprocess
Engineer seems to be the bridge between
both fields.

Projecting 3D cell culture in large
scale without affecting basic characteristics
of the culture, creating new materials that
are biocompatible with cells, developing
automated equipment for cell culture to
avoid mistakes during the process
(contamination, for example), obtaining
new methods that resemble more and more
cells’ natural environment, reducing
process costs and its yield are challenges to
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be overwhelmed and bioprocess engineers
have the tools and knowledge to do so.
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